Many genes in eukaryotes are acquisitions from the free-living antecedents of chloroplasts and mitochondria. But there is no evolutionary 'homing device' that automatically directs the protein product of a transferred gene back to the organelle of its provenance. Instead, the products of genes acquired from endosymbionts can explore all targeting possibilities within the cell. They often replace pre-existing host genes, or even whole pathways. But the transfer of an enzymatic pathway from one compartment to another poses severe problems: over evolutionary time, the enzymes of the pathway acquire their targeting signals for the new compartment individually, not in unison. Until the whole pathway is established in the new compartment, newly routed individual enzymes are useless, and their genes will be lost through mutation. Here it is suggested that pathways attain novel compartmentation variants via a 'minor mistargeting' mechanism. If protein targeting in eukaryotic cells possesses enough imperfection such that small amounts of entire pathways continuously enter novel compartments, selectable units of biochemical function would exist in new compartments, and the genes could become selected. Dual-targeting of proteins is indeed very common within eukaryotic cells, suggesting that targeting variation required for this minor mistargeting mechanism to operate exists in nature.
INTRODUCTION
Metabolic compartmentation refers to the differential localization or non-homogeneous distribution of biochemical pathways within the cell and is founded in the differential localization of the enzymes involved. Although metabolic compartmentation is usually discussed in the context of eukaryotes, there are also cases of metabolic compartmentalization in prokaryotes. For example, the diffusion of proteins through the prokaryotic cytosol is slower than the diffusion of proteins through water (Elowitz et al. 1999) with the result that proteins expressed from the same location on a prokaryotic chromosome are, for a certain amount of time, located more closely to one another in space than proteins that are expressed from distant regions of the same chromosome. Because of that, if different subunits of a heteromeric enzyme are expressed next to each other on a prokaryotic chromosome, they will associate with each other to form an active enzyme faster than if they are expressed from distant loci. Similarly, products of enzymatic catalysis from the first enzyme in a metabolic pathway that is encoded by an operon will be more quickly converted to the next product by the second enzyme in the pathway if the second enzyme is encoded in the same polycistronic mRNA. Svetic et al. (2004) have suggested that even though this diffusion-limited compartmentalization through synthesis is temporally transient, it is precisely the selective advantage underlying operon formation in prokaryotes, and recent analyses of operons that have been independently assembled in disparate prokaryotic lineages are consistent with that view (Martin & McInerney 2009 ). That would be a general case of metabolic compartmentalization in prokaryotes that does not involve membranes, but rather hinges on the manifold consequences of cotranscriptional translation and molecular crowding in cells (Ellis & Minton 2006) . It furthermore provides a compelling evolutionary rationale behind the origin of operons (Svetic et al. 2004; Martin & McInerney 2009 ).
There are also cases of membrane-bounded structures within prokaryotic cells that generate compartments, for example magnetosomes in the a-proteobacterium Magnetospirillum magnetotacticum (Komeili et al. 2006) or acidocalcisomes in the a-proteobacteria Agrobacterium tumefaciens (Seufferheld et al. 2003) and Rhodospirillum rubrum (Seufferheld et al. 2004 ), but it does not currently appear that multi-enzyme metabolic pathways are associated with such structures (Docampo et al. 2005 (Docampo et al. , 2010 . In that sense, those would be examples of membrane-bounded compartments that are not primarily involved in metabolism, but in storage and sequestering of inorganic compounds. Of course, the periplasmic space of Gram-negative bacteria is also a vast metabolic compartment (Abbott & Boraston 2008 ), but it is not located within the cytosol. The chromatophores of Rhodobacter and relatives (Geyer & Helms 2006) , the invaginated plasma membrane of many other proteobacteria, for example methanotrophs (Davies & Whittenbury 1970) , and the thylakoid lumen of cyanobacteria can also be seen as metabolic compartments among prokaryotes, but the nature of those compartments has more to do with electron transport processes in the bioenergetic membranes bounding the compartments (Allen 2002 ) than with metabolic processes within the compartments themselves.
METABOLIC COMPARTMENTALIZATION IN EUKARYOTES: A RELIC OF ENDOSYMBIOSIS
Aside from a few such exceptions in prokaryotes, metabolic compartmentalization is an attribute specific to eukaryotic cells. Current understanding of metabolic compartmentalization in eukaryotes is founded in the endosymbiotic origin of organelles. Since the time 40 years ago that Lynn Margulis (as Sagan 1967) repopularized old but not completely forgotten (Ris & Plaut 1962) theories for the origin of chloroplasts (Mereschkowsky 1905) and mitochondria (Wallin 1927) , biologists have generally viewed metabolic compartmentalization in eukaryotes in the light of endosymbiosis. Although there can be no question that the most complicated cases of cell compartmentalization in eukaryotes are found among the algae, with complex plastids acquired through secondary endosymbiosis (Stoebe & Maier 2002) , this paper will focus on the simpler cases of eukaryotes harbouring only primary endosymbionts.
Chloroplasts were once free-living cyanobacteria that underwent an evolutionary transformation into metabolic compartments of oxygenic photosynthesis within eukaryotic cells (Gould et al. 2008; Lane & Archibald 2008; Kleine et al. 2009 ). Mitochondria were once free-living proteobacteria and have undergone an evolutionary transformation into metabolic compartments of oxygen-dependent and oxygenindependent pyruvate breakdown within eukaryotic cells (Tielens et al. 2002; van der Giezen 2009 ). Both organelle types have retained their own DNA, the sequence and structure of which attest beyond all reasonable doubt to the view that these organelles were once free-living prokaryotes. But the genomes of both organelles are very highly reduced relative to the genomes of their free-living cousins. Plastid genomes harbour anywhere from about 20 to about 200 protein-coding genes, mitochondrial genomes harbour between 3 and 63 genes (Timmis et al. 2004) or have relinquished their genome entirely in the case of mitosomes (Tovar et al. 2003; van der Giezen & Tovar 2005) and in the case of most, but not all, hydrogenosomes (Boxma et al. 2005; van der Giezen 2009) .
Despite the genome reduction, fully functional chloroplasts and mitochondria contain approximately as many proteins as their free-living cousins, in the order of several thousand (Richly & Leister 2004) . To explain the difference between the number of genes that organelle genomes harbour and the number of proteins that the organelles contain, there is a familiar corollary to endosymbiotic theory that was called endosymbiotic gene transfer (Martin et al. 1993) : during the course of evolution, organelles relinquished many of their genes to the chromosomes of their host, where the genes were free to undergo recombination with host DNA in such a way as to acquire the expression and targeting signals that they required so that the encoded protein product could be translated on cytosolic ribosomes and imported into the organelle where its function could become selected. Once protein import of the host-encoded copy into the organelle is established, the organelleencoded copy is freed from functional constraints and can be lost, thereby completing the process of gene relocation. Genes are not just transferred to the nucleus during endosymbiotic gene transfer, they are copied to the nucleus (Allen 2003 ) because a functional copy must remain intact in the organelle until a nuclear copy arises whose product can directly compete with the organelle copy.
Of course, the foregoing events of gene relocation and organelle targeting required that a protein import apparatus specific to the organelle in question was already in place. In the case of the chloroplast, one can readily imagine the situation at the very onset of endosymbiosis: the endosymbiont was still a fully fledged cyanobacterium, so if an endosymbiont lysed every so often, it would provide DNA that could be donated to the host. This kind of DNA transfer is commonly observed today from organelles to the nucleus (Timmis et al. 2004; Kleine et al. 2009 ) and very occasionally observed from bacterial endosymbionts to the nucleus (Hotopp et al. 2007) . But before the protein import apparatus of the chloroplast-the TiC and ToC machinery encompassing dozens of proteins (Balsera et al. 2009 )-had evolved, those cyanobacterium-derived genes that did become incorporated into the host's chromosomes and expressed there would either give rise to protein products targeted to the cytosol (acquisition of promoter only) or perhaps to pre-existing compartments like the mitochondrion (acquisition of a promoter and a pre-existing mitochondrial import signal). Because of this, the ancestor of plastids probably contributed to a significant extent to the complement of proteins in compartments other than the plastid .
The same sort of reasoning would apply if we consider the early phases of mitochondrial origin, where the endosymbiont was still a full-fledged proteobacterium. Before the origin of the mitochondrial protein import apparatus-the TiM and ToM machinery (Dolezal et al. 2006; Lithgow & Schneider 2010) genes transferred from the mitochondrial endosymbiont to the host would have given rise to cytosolic proteins (Martin & Mü ller 1998) or proteins specific to other compartments pre-existing within the host cell prior to the origin of mitochondria.
From the foregoing, three facets to the evolution of compartmentalized metabolism in eukaryotes emerge that can be readily addressed as questions: (i) is there some inherent connection between a gene's evolutionary origin and the intracellular compartmentalization of its protein product? (ii) How can whole metabolic pathways be transferred from one compartment to another? (iii) What sorts of pre-existing cell compartments did the host for the origin of mitochondria have before it acquired the mitochondrion, in other words, what kind of a cell was the host that acquired the mitochondrion? Each of the questions will be considered separately in the subsequent sections.
GENE ORIGIN AND PROTEIN COMPARTMENTALIZATION: IS THERE A CONNECTION?
The formulation of this question in its modern form can arguably be ascribed to Weeden (1981) . He approached the problem from the fairly clear-cut perspective of chloroplasts: there are some plant proteins that occur as distinct isoenzymes in chloroplasts and the cytosol; the plastid genome is too small to encode all proteins in the plastid, hence the plant nuclear genes for the plastid-specific isoenzymes should ultimately come from cyanobacteria via gene transfer, while the cytosolic enzymes should be encoded by nuclear genes that reflect the ancestry of the host, and the nuclear-encoded chloroplast proteins have remained specific to their original compartment (Weeden called this the 'product specificity corollary'). By inference, 'all proteins specific to the plastid compartment are seen as those originally possessed by the postulated prokaryotic ancestor to the chloroplast' (Weeden 1981, p. 134) . Other researchers might have seen the matter similarly at that time (Margulis 1981; Gray & Doolittle 1982 ), but few formulated the issue quite so crisply.
From the standpoint of someone who spent 10 years testing Weeden's product specificity corollary by separating chloroplast-cytosol isoenzymes common to the Calvin cycle and glycolysis in higher plants, purifiying and sequencing proteins, and isolating and sequencing the underlying genes to unravel their history through molecular evolution, it was surprising to see that although Weeden's hypothesis held up in the first molecular tests (Martin & Cerff 1986) , the exceptions ultimately came to outnumber the rule. The bottom line of studies on about a dozen chloroplast-cytosol isoenzyme pairs was: there is no evolutionary 'homing device' that automatically directs the product of a transferred gene back to the organelle of its provenance, the products of genes that are acquired by endosymbionts are free to explore any and all targeting possibilities within the cell; they often can and do replace pre-existing host genes, or even whole pathways, and sometimes pre-existing host genes can be duplicated to provide organelletargeted copies of host enzymes that can replace organelle-encoded functions (reviewed in Martin & Schnarrenberger 1997) .
In addition to that survey, there are not very many other general theory sorts of papers on metabolic compartmentalization in the context of endosymbiosis beyond that of Weeden (1981) . Borogard (2008) also picked up on this topic in about 2003 in what eventually became a posthumously published paper. He suggested that because of the greatness of evolutionary time since eukaryotes have existed, all variants for metabolic compartmentalization for any individual enzyme would have been explored within the cell, the implication being that selection will favour the most suitable biochemical environment for the operation of each individual enzyme. This scenario contains the same sort of 'exhaustive tinkering' component that can also be found in Ford Doolittle's earlier (1998) gene transfer ratchet model, where he suggested that 'all genes that can be replaced [. . .] will be, in the fullness of time' (Doolittle 1998) . While Borogard's suggestion, like earlier considerations (Martin & Schnarrenberger 1997; Martin & Herrmann 1998) , seems suitable to explain lineagespecific differences in the localization of individual enzymes, it does not provide a good solution to the problem of how to move entire pathways from one compartment to another, because in the evolution of pathways, the unit of selection is an entire series of substrate conversions, and one enzyme by itself in a new compartment is useless. Hence, even if some gene duplication occurred allowing one enzyme to acquire new targeting signals for access to a new compartment before it loses its function through mutation, the new variant would, in the vast majority of cases, be biochemically useless and hence unable to be fixed via selection. That brings us to the next section.
HOW CAN WHOLE PATHWAYS BE TRANSFERRED TO NEW COMPARTMENTS?
This question is anything but trivial, but was hardly ever given any serious attention outside the realm of research on specialized peroxisomes of kinetoplastids, glycosomes, that contain major segments of the glycolytic pathway (see the chapter by Ginger et al. 2010) . The reason why it is a problem was just stated at the end of the foregoing section, but is more clearly worded by Michels & Opperdoes (1991) themselves: '. . .it is difficult to imagine how all the enzymes of an entire metabolic pathway could end up together in one organelle if they did not originate from it. Intermediate stages, with only some of the enzymes present in the organelle and others still in the cytosol, would not be an advantage but rather a burden to the cell.' This is one of the main reasons that glycosomes (Michels & Opperdoes 1991) , and peroxisomes in general (de Duve 1969 (de Duve , 2007 , were long considered to have originated from endosymbionts that were distinct from the ancestors of either mitochondria or plastids. It was simply very difficult to imagine how one could get a pathway from one compartment to another, one enzyme at a time. It was so difficult that endosymbiosis seemed to be the preferable explanation.
Thus, if we could find a simple evolutionary solution to the problem of how whole pathways move from one compartment to another, we would not need to resort to invoking endosymbiosis for the origin of free-living organelles that today are shown to stem from the endoplasmic reticulum (Platta & Erdmann 2007; Schrader & Yoon 2007; Tabak et al. 2008) . What might such a solution be? If we consider the topogenic signals and molecular machinery that eukaryotes use to import proteins into membrane-bounded compartments, it is clear that 100 per cent targeting specificity is hardly a realistic goal for a cell. If a protein is destined for the mitochondrion, a small amount (0.1-1% of the total activity) might end up in the peroxisome, or in the case of plants, a small amount might end up in the plastid. Keeping in mind that only a few per cent of wild-type enzyme activity is often sufficient to confer a wild-type phenotype with respect to growth (Stadler & Yanofsky 1959) , the point is this: if a small amount of mistargeting is happening all the time in a eukaryotic cell, and if it is happening for all proteins of a pathway, then there could exist a small amount of whole pathways in incorrect compartments, more or less all the time. If so, that would provide a biochemically functioning unit of selection upon which standard evolutionary mechanisms of natural variation and natural selection could operate in such a way as to increase or decrease the amount of mistargeted pathway within the novel compartment. In principle, that would provide a plausible mechanism through which whole pathways could be redirected from one compartment to another during evolution. It would avoid the problem that re-targeting pathways one enzyme at a time is indeed an untenable prospect, as Michels & Opperdoes (1991) and Borst & Swinkels (1989) have pointed out, and it would not require endosymbiosis to explain every case of compartmentalized pathways.
That seems to be a satisfying idea, but is it realistic? To be tenable, this suggestion would demand that there is a biologically relevant amount of simultaneous protein-targeting to multiple compartments going on all the time in eukaryotic cells. How likely is it that to be true? If we look at the recent literature on the topic of dual-targeting, we see that it is very common indeed to see eukaryotic proteins directed to multiple compartments (Mackenzie 2005) . Examples include targeting to mitochondria and chloroplasts (Hedtke et al. 1997; Duchene et al. 2005; Millar et al. 2006; Pino et al. 2007; Carrie et al. 2009 ), mitochondria, chloroplasts and the cytosol (Small et al. 1998) , mitochondria and the endoplasmic reticulum (Bhagwat et al. 1999) , mitochondria and the nucleus (Krause & Krupinska 2009 ), peroxisomes and mitochondria (Petrova et al. 2004) , chloroplasts and the cytosol (Kiessling et al. 2004) , hydrogenosomes and the cytosol (Mentel et al. 2008) , and so forth. Dual-targeting is well known in fungi (Strobel et al. 2002) , where mitochondrial and cytosolic localization can be shared for fumarase and aconitase for example (Regev-Rudzki et al. 2008 ), or mitochondrial, cytosolic and peroxisomal targeting can be found for isocitrate dehydrogenase (Szewczyk et al. 2001) . Dual-targeting occurs in humans (Foster et al. 2006) , in kinetoplastids (Hannaert et al. 1999) and there is generally a lot known about the underlying molecular mechanisms (Karniely & Pines 2005) , although for the purposes of this paper, the specific nature of those mechanisms is not important, it is just important that they exist.
The list of known examples from the literature for multiple targeting of proteins within eukaryotic cells is much longer than those few mentioned here, and includes many more cases from plants, animals and fungi (Mitschke et al. 2009 ). In some cases, dual-targeting for specific proteins can be maintained in distinct lineages separated by more than 150 Myr of evolution (Morgante et al. 2009 ). Furthermore, dualtargeting has recently been shown to be an intermediate stage in the evolutionary replacement of a chloroplast-encoded ribosomal protein by a nuclearencoded copy of a mitochondrial ribosomal protein during plant evolution (Ueda et al. 2008) .
Thus, there seems to exist a considerable amount of slack in nature with respect to targeting specificity for a considerable number of proteins within a variety of eukaryotic cells, probably enough to allow the mistargeting model of pathway recompartmentalization to operate. Provided that there is also a corresponding amount of slack with respect to metabolite transport between compartments to provide substrates for low activities of mistargeted pathways to deliver products in new compartments, it is then not hard at all to see how new variants of metabolic compartmentalization might arise during evolution that could be immediately subjected to selection, fixation and refinement. New substrate distributions across compartments could be achieved either by relaxed substrate specificities of specifically targeted transporters or-to stick to only one mechanism-minor mistargeting of highly specific metabolite transporters. Neither seems hardly unreasonable. For the purpose of this argument, it is irrelevant whether the mechanism of dual-targeting (or mistargeting) involves alternative transcription initiation, alternative splicing, alternative start codons or post-translational modifications (Danpure 1995) , or whether it involves ambiguous specificity during translocon -substrate interactions at the translocons themselves.
WHAT PRE-EXISTING CELL COMPARTMENTS DID THE HOST FOR THE ORIGIN OF MITOCHONDRIA POSSESS?
If we consider the evolution of metabolic compartmentalization in eukaryotes, there has to be a starting point somewhere, and that brings us to a perennially controversial topic, the origin of eukaryotes themselves. As recently outlined in more popular literature (Lane 2009; Zimmer 2009 ), there are two main opposing views on the origin of eukaryotes. They differ most notably with respect to the nature of the host that acquired the mitochondrion.
The traditional view posits that the host that acquired the mitochondrion was a full-fledged eukaryotic cell possessing a nucleus, an endoplasmic reticulum (ER), phagocytosis, flagella, cytoskeleton and essentially all eukaryotic traits with the exception of mitochondria, mitochondria being acquired by such a phagocytotic cell (Margulis et al. 2006; de Duve 2007; Cavalier-Smith 2009) . That view has been around for about 40 years in various formulations stressing the endosymbiotic origin of flagella (Sagan 1967) or peroxisomes (de Duve 1969) at eukaryote origins. Above and beyond the lack of molecular evidence for an endosymbiotic origin of either flagella (Rizzotti 1995; Jekely & Arendt 2006) or peroxisomes (Gabaldó n et al. 2006; Gabaldó n 2010), a severely nagging problem with the traditional view is that it predicts the existence of primitively amitochondriate eukaryotes, once called archezoa (Cavalier-Smith 1989) . All groups ever thought to be archezoa (Patterson 1999 ) turned out to possess either anaerobic, H 2 -producing forms of mitochondria called hydrogenosomes (Mü ller 2007; van der Giezen 2009), or to have highly reduced mitochondria called mitosomes (Tovar et al. 1999 (Tovar et al. , 2003 Goldberg et al. 2008; Tsaousis et al. 2008; Hjort et al. 2010) , pushing the origin of mitochondria back to the origin of eukaryotes themselves (Embley & Martin 2006) .
The alternative view posits that the host that acquired the mitochondrion was a prokaryote, such that all eukaryote-specific compartments (mitochondria, the ER, the nucleus, peroxisomes) and eukaryotic-specific trait arose subsequently, in the wake of endosymbiosis. Some formulations of the prokaryote-host type of theory account for the common ancestry of mitochondria and hydrogenosomes (Martin & Mü ller 1998; van der Giezen 2009 ) and furthermore account for plausible selective forces underpinning the origin of the nucleus in the wake of mitochondrial origins (Martin & Koonin 2006) . Newer molecular data and comparative genome analyses tend to favour prokaryote-host theories (Rivera & Lake 2004; Pisani et al. 2007; Cox et al. 2008; Koonin 2009 ), but there is currently no consensus as to the order of events concerning the origin of eukaryotic cell compartments. Proponents of the traditional models lament that prokaryote host models do not account for enough cell morphological details, while proponents of prokaryote host models lament that the traditional models fail to account for the observations in molecular data from genomes. For decades, traditional models have focused on phagocytosis and predation as the central, overarching and decisive evolutionary achievement in the prokaryoteto-eukaryote transition (Cavalier-Smith 1975 , while overlooking the circumstance that the predatory lifestyle has indeed evolved on many different occasions among the prokaryotes, and each time it has brought forth highly effective predatory prokaryotic forms that invade, not engulf, their prey (Davidov & Jurkevitch 2009 ). One reason that phagocytosis was seen by some as so absolutely essential to the eukaryotic condition was based on the argument that without phagocytosis, it would not be possible for a prokaryote to take up residence within another cell (Cavalier-Smith 2002) , but that argument is deflated by clear examples of prokaryotes living within other prokaryotes (Wujek 1979; von Dohlen et al. 2001) .
Some critics of prokaryote host models argue that the assumed sisterhood of eukaryotes and archaebacteria as observed in some phylogenetic trees 'refutes all theories that eukaryotes originated by merging an archaebacterium and an a-proteobacterium' (Cavalier-Smith 2002) , but more recent work indicates that the sisterhood of eukaryotes and archaebacteria seen in the most visible molecular phylogenies is a phylogeny reconstruction artefact, and that the archaebacterial-derived genes of eukaryotes stem from within the archaebacteria (Cox et al. 2008; Foster et al. 2009 ), rather than branching as a sister to them. Similar branching of eukaryotic informational genes from within the archaebacteria, as opposed to a sister group relationship, is also seen in supertree analyses (Pisani et al. 2007 ) and in other molecular analyses (Embley & Martin 2006) .
CONCLUSION
In closing, one might also briefly consider a few other issues. For example there is the question of whether moonlighting, that is, the presence of different and distinct functions on the same polypeptide ( Jeffery 2009 ), might bear upon the issue of pathway recompartmentalization, in that moonlighting proteins, if mistargeted, would carry more than one function to the new compartment, and this would allow for novel combinations of functions therein. But from the standpoint of recompartmentalizing core metabolic and biosynthetic pathways, the main enzymatic functions of the proteins involved, not other fortuitous properties thereof, stand in the foreground, hence moonlighting is more likely to assume a peripheral role in this context. There is also the issue of targeting proteins to fundamentally new compartments that are lacking altogether in prokaryotes like the ER lumen. But ER-targeting involves the sec pathway and the signal recognition particle, which are present in prokaryotes for targeting proteins to the plasma membrane (Albers et al. 2006; Rapoport 2007) , such that not much in the way of fundamental molecular innovation was required to get proteins to the ER, once the cell has an ER, which is a different matter (Martin & Koonin 2006) . Similarly, in secondary symbioses, the mechanisms of protein-targeting across the four membranes of many complex plastids are now rapidly being understood to involve surprisingly simple evolutionary recruitments of ER-derived protein-targeting components to direct proteins to a new organelle (Hempel et al. 2009; Spork et al. 2009 ). The secondary plastids provide fascinating examples of endosymbionts that bring along their own complete protein import machinery, the genes for which just have to become integrated into the chromosomes of the host, bringing us back to the general and widespread role of endosymbiotic gene transfer in cell evolution.
The arguments here embrace the premise that protein targeting in eukaryotes to compartments other than the cytosol is governed by information contained within the protein in question. There are reports that mRNA, rather than protein, might govern some protein-localization processes (Uniacke & Zerges 2009 ). While of interest, this neither favours nor disfavours the minor mistargeting model for pathway recompartmentalization. During the early evolution of eukaryotes, the transfer of pathways from the mitochondrial endosymbiont to the cytosol presents the simplest possible case: genes that are incorporated into the host's chromosomes can be expressed as cytosolic proteins without targeting information. This kind of biochemical reorganization in the wake of naturally occurring gene transfer in the context of endosymbiotic associations has been implicated in the origin of the eubacterial glycolytic pathway underpinning eukaryotic Review. Origins of compartmentalization W. Martin 851 energy metabolism (Martin & Mü ller 1998) and in the origin of the nuclear compartment itself (Martin & Koonin 2006) . Recent phylogenetic findings support the view that the host for the origin of mitochondria stems from within the archaebacteria (Cox et al. 2008; Foster et al. 2009) . It is thus all the more curious that not only the glycolytic pathway (Hannaert et al. 2000) , but the vast majority, about 75 per cent, of eukaryotic genes possessing homologues in prokaryotes are more similar to eubacterial homologues than they are to archaebacterial homologues (Esser et al. 2004) . But given the polarity of gene transfer from the ancestral mitochondrion-which appears to have been a metabolically quite versatile bacterium (Atteia et al. 2009 )-and given the circumstance that genes were being transferred a chromosome's worth at a time, like happens today (Huang et al. 2005) , if the first transfer does not lead to fixation, the next one might, and as long as there are at least two copies of the endosymbiont, the gene transfer ratchet is an inexhaustible source of new and potentially useful genes for a young but bipartite cell. How its expressed protein products came to be localized within their present compartments in various ensuing eukaryotic lineages appears to be up to natural variation and natural selection. However, for whole pathways to move, one protein at a time is not likely to get the job done, but a pinch of a whole pathway might.
